DM. Activating the Nrf2-mediated antioxidant response element restores barrier function in the alveolar epithelium of HIV-1 transgenic rats.
lism of drugs and toxins, 2) the protection against oxidative stresses and inflammation, and 3) the stability of proteins and the removal of damaged proteins (23) . The importance of Nrf2 in cytoprotective roles is illustrated in Nrf2 knockout mice that have lower levels of glutathione reductase, increased levels of oxidized glutathione, and increased cytotoxicity during oxidative stress (18) . In the lung, deficiency of Nrf2 augments injury caused by bleomycin, hyperoxia, and cigarette smoke (10) . However, direct evidence of epithelial barrier function mediated by Nrf2/ARE activity has yet to be elucidated. Although the incidence and mortality of opportunistic infections in human immunodeficiency virus (HIV)-1-infected individuals has decreased dramatically in the highly active anti-retroviral therapy (HAART) era, "routine" bacterial lung infections and other presumably "nonopportunistic" lung diseases such as chronic obstructive pulmonary disease (COPD) and asthma and bronchitis have become more common (28) . The mechanisms by which chronic HIV-1 infection renders individuals susceptible to pneumonia as well as to chronic airway diseases, particularly despite apparently effective viral control with HAART, are unknown. However, studies in HIV-1 transgenic rodents, in which HIV-1-related proteins are expressed and cause a progressive acquired immunodeficiency syndrome (AIDS)-like phenotype, are beginning to provide some intriguing clues. For example, HIV-1 transgene expression in rats significantly impaired alveolar macrophage phagocytic capacity (19) . More recently we determined that HIV-1 transgene expression caused significant oxidative stress and glutathione depletion within the alveolar space that was associated with alterations in the expression of tight junction proteins and impaired alveolar epithelial barrier function (22) . In addition, we and others have determined that HIV-1-related viral proteins such as gp120 and Tat can directly cause oxidative stress and glutathione depletion in target cells and tissues that cannot be infected with the virus, and thereby impair barrier functions in the brain and lung (22, 33, 34) . Tight junction proteins are critical to forming epithelial and endothelial barriers in the brain, lung, and other organs, and experimental evidence supports the interpretation that the HIV-1-related viral proteins gp120 and Tat alter the expression and/or function of tight junction proteins, including members of the occludin and zonula occludens families via redox-dependent mechanisms (22, 33, 34, 41) . Therefore, there is now compelling evidence that HIV-1 infection, at least in part through the toxic effects of its related proteins, including gp120 and Tat, causes oxidative stress and impairs alveolar macrophage immune capacity and epithelial barrier function. However, the fundamental mechanism(s) by which HIV-1-related proteins causes oxidative stress, particularly within the alveolar space, remains poorly understood.
A previously unrecognized clue to at least one mechanism by which HIV-1-related proteins induce oxidative stress is our recent finding that Nrf2 expression was decreased in alveolar epithelial cells (AEC) from HIV-1 transgenic rats compared with their wild-type counterparts (15) . Because Nrf2 is critically required to activate the ARE and induce the synthesis of glutathione and other components of the antioxidant defenses within the airway, in the present study, we sought to investigate whether or not Nrf2 expression played a role in mediating the alveolar epithelial barrier dysfunction caused by HIV-1 transgene expression. Specifically, we examined the effects of manipulating Nrf2 expression on AEC tight junction proteins and barrier formation. Our results indicate that inhibiting the Nrf2/ARE pathway recapitulates the toxic effects of HIV-1-related proteins on the alveolar epithelium and that activating this pathway restores tight junction protein expression and barrier function in the alveolar epithelia of HIV-1 transgenic rats.
MATERIALS AND METHODS
Cell culture. Primary AEC were isolated from HIV-1 transgenic (HIV-1 Tg) and wild-type (WT) Fischer 344 rats (Harlan Laboratories, Indianapolis, IN) at 9 -12 mo of age and cultured in DMEM/F-12 (Cellgro, Manassas, VA) with 10% FBS (Atlanta Biologicals, Lawrenceville, GA) and an antibiotic-antimycotic reagent (Sigma-Aldrich, St. Louis, MO) at 37°C in 5% CO 2 (32) . The rat lung epithelial cell line, L2 cells (ATCC CCL-149, Manassas, VA), were cultured in F-12K with 10% FBS and the same antibiotic-antimycotic reagent at 37°C in 5% CO 2 but with the FBS concentration decreased to 2% during the treatments. Sulforaphane was from LKT Laboratories (St. Paul, MN), and all other chemicals were obtained from Sigma-Aldrich except where indicated otherwise. All procedures were approved by the Institutional Animal Care and Use Committee at the Atlanta Veterans Affairs and Emory University.
Silence RNA transfection. Nrf2 Stealth Select RNAi [set of 3 small-interfering RNA (siRNA)] were obtained from Invitrogen (Nfe2l2, oligo ID: RSS343557, RSS343558, RSS343559; Carlsbad, CA). Primary AEC (180,000 cells/cm 2 ) from WT rats or L2 cells (60,000 cells/cm 2 ) were seeded and then transfected the next day with 6 nM of either stealth RNAi for rat Nrf-2 or stealth RNAi for negative control plus HiPerFect as described in the Qiagen protocol (Valencia, CA). Posttransfection (48 -72 h), mRNA and protein expression, monolayer permeability, and immunocytochemistry analyses were performed. In the sulforaphane supplement experiment, 1 M of sulforaphane was added into cultures for 2 days after 48 h transfection.
Nrf2 expression vector and transfection. We used the mouse Nrf2 vector (pCMV-SPORT6-Nrf2) from Invitrogen (MCG clone ID: 3663276) and created a pCMV-SPORT6 empty control vector by removing the mouse Nrf2 sequence. Rat primary AEC from HIV-1 Tg rats were transfected with either pCMV-SPORT6-Nrf2 or pCMV-SPORT6 using SuperFect (Qiagen). Three to five days after transfection, cells were analyzed for protein expression, immunocytochemistry, and paracellular permeability.
RNA isolation and real-time RT-PCR. Total RNA was extracted using the Qiagen RNeasy Mini kit. Reverse transcription and real-time PCR (Bio-Rad Lab, Hercules, CA) were performed as described previously (22) using primer pairs shown in Table 1 . Each PCR product from the specific gene was normalized to 9S in the same RT sample.
Nrf2/ARE activity assay. L2 cells were seeded (10,000/well) in 96-well plates and the next day transfected with the Cignal ARE reporter using HiPerFect transfection reagent. For Nrf2 siRNA experiments, cells were cotransfected with Cignal ARE reporter and 6 nM of either RNAi for Nrf2 or negative control duplexes and lysed for luciferase reporter assay after 48 h. For sulforaphane experiments, transfected cells were cultured Ϯ gp120 (100 ng/ml; ImmunoDiagnostics, Woburn, MA) for 3 days, and sulforaphane (LKT Laboratories) was added 6 h before lysing cells and measuring luciferase activity. A dual-luciferase reporter assay was performed as described by the manufacturer (Promega, Madison, WI). Nrf2/ARE promoter activity values were expressed as ratios of arbitrary units of firefly luciferase/Renilla luciferase activity.
Epithelial monolayer permeability assay. Barrier function of AEC monolayers was determined by two complementary methods: paracellular permeability to FITC-labeled Dextran (Sigma-Aldrich) and transepithelial electrical resistance (TER), as previously described (15) .
Western blotting. Total proteins were isolated from primary AEC by using RIPA buffer containing 150 mM NaCl, 1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1 SDS, 50 mM Tris (pH 8.0), 0.2 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Pierce Biotechnology, Rockford, IL), and protein electrophoresis and blotting were performed as described previously (15) . The immunoreactive bands were captured with the ChemiDoc XRS system (BioRad). The same membrane was reprobed with anti-actin antibody for protein-loading control.
Immunocytochemistry. Primary AEC were cultured on glass cover slips, and monolayers were fixed and stained for claudin-18, occludin, and zonula occludens (ZO)-1, as described previously (16) . The images were captured using Leica DM4000B microscopy (Leica Mircosystems, Buffalo Grove, IL).
Glutathione measurement. Epithelial monolayers were washed with PBS and lysed in cold 5-sulfo-salicylic acid dehydrate solution at 5%, and assay was performed as described in the protocol from the glutathione colorimetric detection kit (Arbor Assays, Ann Arbor, MI). All standards and samples were run with duplicates.
Cytotoxicity assays. After 3-day cultures, primary epithelial cells were treated with or without 50 M buthionine sulfoximine (BSO) for 48 h. Cell culture media were used for measuring lactate dehydrogenase (LDH) released into medium, and cell monolayers were washed and replaced with fresh culture medium with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent for 2 h. LDH assay (Pierce Biotechnology) and MTT assay (ATCC) were performed per the manufacturers' instructions.
Statistical analyses. One-way ANOVA with Newman-Keuls posttests were performed for multiple comparisons, and Student's t-tests were used for single comparisons using Prism (GraphPad, San Diego, Rat Nrf-2 5=-CAGTGACTCGGAAATGGAAGAG-3= 5=-AATGTGTTGGCTGTGCTTTAGG-3= Rat NQO-1 5=-TGCTTTCAGTTTTCGCCTTT-3= 5=-GAGGCCCCTAATCTGACCTC-3= Rat glutathione transferase 5=-CACAAGATCACCCAGAGCAA-3= 5=-CCATAGCCTGGTTCTCCAAA-3= Rat glutathione synthetase 5=-TCACTGGACATGGGTGAAGA-3= 5=-TCCATGAGGATGTAGGAGGC-3= Rat glutathione reductase 5=-GGGTGGTGTGCCCACGGTTC-3= 5=-ATAACGTGCGGCTGGGCAA-3= Rat glutamate-cysteine ligase, catalytic subunit
Nrf2, nuclear factor (erythroid-derived 2)-like 2; NQO-1, NAD(P)H dehydrogenase, quinone 1; ZO, zonula occludens. CA). All data are presented as means Ϯ SE, and significance was accepted at P Ͻ 0.05.
RESULTS

Nrf2
RNA interference inhibited Nrf2/ARE-regulated antioxidant gene expressions, decreased intracellular glutathione levels, and increased epithelial barrier permeability. We previously reported that chronic alcohol ingestion and/or chronic HIV-1-related viral protein expression attenuated Nrf2 expression and caused barrier dysfunction in the rat alveolar epithelium (15) . To test whether a selective decrease in Nrf2 expression alone could impair lung epithelial barrier function, Nrf2 RNAi was introduced into AEC derived from WT rats or into L2 cells. The concentration of Nrf2 RNAi used was targeted to reproduce a similar inhibition in Nrf2 expression that we had previously identified in primary AEC derived from HIV-1 Tg rats, in which Nrf2 expression was decreased 20 -30% compared with cells from littermate WT rats (12) . As shown in Fig. 1 , A and B, Nrf2 RNAi (6 nM) inhibited Nrf2 mRNA expression by 30 -40% (P Ͻ 0.05) in both primary AEC and L2 cells and decreased Nrf2 protein levels as well (Fig. 1E ). The MTT assay (ATCC) revealed no differences in viability between the cells treated with Nrf2 RNAi or the negative control RNAi (104 Ϯ 3 vs. 100 Ϯ 2%). Because interfering with Nrf2 expression altered the redox balance in lung epithelial cells, we next examined whether it also directly affected epithelial permeability and therefore could recapitulate the oxidative stress and the barrier dysfunction we had previously identified in the HIV-1 Tg rat model. As shown in Fig. 1 , C and D, TER dramatically decreased (P Ͻ 0.0001) while the paracellular flux of FITC-labeled Dextran (4 kDa) significantly increased (P Ͻ 0.02) in AEC monolayers treated with RNAi Nrf2. These distinct but complementary indicators of epithelial barrier function indicate that inhibiting Nrf2 expression compromised the AEC ability to form a tight monolayer. Three RNAi Nrf2 were used in primary AEC cultures. Two of three Nrf2 RNAi at 6 nM effectively inhibited Nrf2 expressions and compromised epithelial monolayer barrier function as seen in Fig. 1 , A, C, and D. Therefore, we used Nrf2 RNAi #1 for further studies. In parallel, Nrf2 RNA silencing significantly attenuated the Nrf2/ARE activity by ϳ60% (P Ͻ 0.05) ( and B). Furthermore, the intracellular reduced glutathione (GSH)-to-glutathione disulfide (GSSG) ratio, reflecting the levels of GSH and its primary oxidized form, GSSG, was significantly decreased in cells transfected with RNAi Nrf2 (P Ͻ 0.05) (Fig. 2C) . Therefore, Nrf2 RNAi treatment significantly decreased Nrf2-ARE function and altered the intracellular redox balance in lung epithelial cells.
Selective interference of Nrf2 expression altered tight junction protein expression and localization. Because tight junction proteins are critical to the formation of a normal alveolar epithelial barrier, we next examined the expression of several key tight junction proteins. As shown in Fig. 3, A and B, the expression of occludin, zonula occludens-1 (ZO-1), and claudin-18 was decreased in cells transfected with RNAi Nrf2 compared with cells transfected with the RNAi negative control. These decreases in occludin and ZO-1 expression were comparable to those in AEC derived from HIV-1 Tg in which we previously reported that there were 10 -20% decreases compared with cells from littermate WT rats (12) . In parallel, inspection of these monolayers by immunocytochemistry (Fig. 3C) showed weak and nonuniform staining of occludin, ZO-1, and claudin-18 in cell-cell borders of primary AEC transfected with RNAi Nrf2. Overall, these alterations in tight junction protein expression and localization into the cell membrane are consistent with the barrier dysfunction shown in Fig. 1 , C and D.
Nrf2 overexpression improved epithelial barrier function as well as tight junction expression and localization in AEC from HIV-1 tg rats. To this point, we had determined that targeted inhibition of Nrf2 expression recapitulated the effects of HIV-1 transgene expression on the alveolar epithelium, as reflected by redox imbalance, aberrant expression and localization of tight junction proteins, and impaired barrier function. These findings are consistent with our previously published studies showing that the epithelial barrier dysfunction in the HIV-1 Tg rats was associated with decreased Nrf2 expression in the alveolar epithelium and evidence of redox imbalance within the alveolar space (15, 22) . However, these similarities alone do not provide sufficient evidence that HIV-1-related proteins impair alveolar epithelial barrier function by inhibiting Nrf2 expression. Therefore, we next asked if augmenting the expression and/or the activity of Nrf2 in AEC derived from HIV-1 Tg rats could improve their tight junction protein expression and barrier function. Because the rat and mouse Nrf2 protein sequences are 96% identical, we used a mouse Nrf2 overexpression vector from Invitrogen and delivered this into primary AEC derived from HIV-1 Tg rats. We first determined that the epithelial cells treated with the mouse Nrf2 expression vector had increased Nrf2 protein levels compared with cells treated with a control vector (Fig. 4A) . In these Western analyses, both endogenous rat Nrf2 protein expression and mouse Nrf2 protein expression driven by the vector were detected by the same antibody. Therefore, the Nrf2 protein expression represents the sum of mouse and rat Nrf2. In parallel to this increase in Nrf2 protein expression, epithelial monolayer barrier function, as determined by TER, was increased (P Ͻ 0.05) by increasing Nrf2 expression (Fig. 4B) . Furthermore, augmenting Nrf2 expression increased (P Ͻ 0.05) the expression of the tight junction proteins occludin and ZO-1 (Fig. 4C) and improved their localization into the cellular membranes as reflected by immunocytochemistry (Fig. 4D) . Taken together, the results thus far provide compelling evidence that the chronic expression of HIV-1-related proteins causes redox imbalance and barrier dysfunction within the alveolar epithelium by inhibiting the expression of Nrf2.
Sulforaphane, an Nrf2 activator, increased Nrf2/ARE-regulated cellular antioxidants and protected AEC against HIV-1 viral protein-induced barrier dysfunction. To provide further evidence of the role of decreased Nrf2 activity in mediating the pathological effects of HIV-1-related proteins on the alveolar epithelium, we next tested the effects of a Nrf2 activator, sulforaphane, in our model. We first examined L2 cells treated directly with the HIV-1-related protein gp120. As shown in Fig . 5A , treating L2 cells with gp120 significantly decreased Nrf2/ARE activity (P Ͻ 0.05) (as determined by the dualluciferase activity assay). In contrast, concomitant treatment with sulforaphane (1 M) restored Nrf2/ARE activity to the same levels (P Ͼ 0.05) as untreated cells (Fig. 5A) . In parallel, primary AEC derived from HIV-1 Tg rats increased their Nrf2 expressions as well as NQO-1 levels in response to sulforaphane (Fig. 5B) . Treatment with sulforaphane at a concentration as low as 1 M significantly increased the intracellular GSH-to-GSSG ratio (P Ͻ 0.05), which reflected an increase in ARE-dependent triol-redox biosynthesis/recycling enzyme activities (Fig. 5C ). Cell viability assay showed no toxic effects of 1 M sulforaphane (untreated: 100 Ϯ 1.7%, 1 M sulforaphane: 106 Ϯ 1.3%). As shown in Fig. 6, A 
Changes in intracellular GSH levels altered epithelial barrier function, which was associated with alterations of tight junction protein expression.
Oxidative stress induced by various reactive oxygen species disrupts barrier function by altering tight junctions (35) , and treatment with triol-redox antioxidants protects barrier integrity in the lung and intestine (15, 29, 31) . Baneriee et al. (5) reported that the thiol antioxidant N-acetylcysteine amide could protect the blood-brain barrier from oxidative damage in HIV-1 Tg mice by increasing tight junction proteins and restoring blood-brain barrier function. To further investigate whether oxidative stress induced by decreasing antioxidants such as GSH can directly cause the observed changes in epithelial tight junction expression and the consequent impaired epithelial barrier function, we manipulated intracellular GSH levels in primary AEC by either decreasing intracellular GSH with the glutathione synthetase inhibitor BSO (Sigma-Aldrich) (2) or supplementation with exogenous GSH (Sigma-Aldrich). BSO treatment had no detectable effect on cell viability, as reflected by the LDH release assay (100.0 Ϯ 2.4 vs. 86.0 Ϯ 1.2%) or MTT (100.0 Ϯ 3.0 vs. 109.0 Ϯ 3%) in untreated primary AEC compared with primary AEC with 50 M BSO. The intracellular GSH levels in BSO-treated cells decreased to below the GSH kit detection level compared with untreated cells, whereas the intracellular GSH levels significantly increased with 500 M of exogenous GSH treatment (100.0 Ϯ 15% in untreated cells vs. 378 Ϯ 41% in GSH-treated cells). As shown in Fig. 7A , BSO at 50 M in primary AEC culture for 2 days significantly reduced the expression of the tight junction proteins ZO-1, occludin, and claudin-18 compared with untreated AEC derived from WT rats. In parallel, BSO treatment increased epithelial monolayer permeability as reflected by significantly decreased TER (Fig.  7B ). The monolayer with BSO treatment appeared more "leaky" than cells transfected with Nrf2 RNAi or treated with gp120. The significantly lower level of intracellular GSH in BSO-treated cells could contribute to this relative increase in the epithelial monolayer permeability. In contrast, expression of the tight junction proteins occludin and claudin-18 significantly increased when primary AEC were treated with 500 M exogenous GSH for 2 days (Fig. 7C) . In parallel, epithelial monolayer barrier function was significantly improved by GSH treatment, as reflected by an increase in the TER (Fig. 7D) . Thus, changes in intracellular levels of the thiol antioxidant GSH directly alter tight junction protein expression and modulate epithelial barrier function.
DISCUSSION
Previously we had determined that chronic expression of HIV-1-related proteins in vivo caused oxidative stress and epithelial barrier dysfunction within the alveolar space in a rat model (22) and that these HIV-1-related proteins inhibited the expression of Nrf2, induced oxidative stress, and disrupted tight junction protein expression and assembly in AEC in vitro. In this current study, we provide additional and novel evidence that implicates Nrf2 expression as a pathophysiological target of HIV-1-related proteins and we thereby elucidate a previously unrecognized mechanism by which chronic HIV-1 infection renders the lung susceptible to injury. Specifically, we determined that selective inhibition of Nrf2 expression by RNA interference in lung epithelial cells recapitulated the redox imbalance, barrier disruption, and aberrant expression of tight junction proteins that we had previously identified in the HIV-1 Tg rat model (15, 22) . This circumstantial evidence suggested a central role for Nrf2 in these conditions, but a direct causal role could not be inferred. Therefore, we determined that selectively increasing the expression of Nrf2 with an expression vector or activating existing Nrf2 with sulforaphane restored tight junction protein expression and membrane assembly in AEC from HIV-1 Tg rats and, as a consequence, normalized the ability of these cells to form a tight epithelial barrier. Taken together, these results provide novel evidence that HIV-1-related proteins inhibit Nrf2 expression in the alveolar space and thereby further induce oxidative stress and barrier dysfunction.
We also previously determined that chronic alcohol ingestion, which similarly causes profound oxidative stress and epithelial barrier dysfunction within the alveolar space, and/or chronic HIV-1-related protein expression, decrease Nrf2 expression in the alveolar epithelium (15) , suggesting that decreased Nrf2 expression may be an important mechanism underlying seemingly diverse lung pathologies. Nrf2 activation is critical for protection in pulmonary diseases such as asthma, acute lung injury, hyperoxia, and pulmonary fibrosis (9) . Interestingly, Nrf2-regulated antioxidant gene expression declines in COPD (24) , and functional polymorphisms in the Nrf2 promoter, which significantly affect Nrf2 basal expression, are associated with increased risk for developing acute lung injury after major trauma and sepsis (26) . Experimentally, Nrf2-deficient mice have decreased GSH synthesis that is associated with aberrant tissue repair and persistent inflammation following hyperoxia-induced acute lung injury (36) . Nrf2-deficient mice also have an exaggerated response to Staphylococcus aureus-induced pneumonia and demonstrate increased acute lung injury as assessed by neutrophil infiltration and overt tissue damage compared with WT controls (3). Athale et al. (3) found that upregulation of claudin-4 by Nrf2-deficient mice in response to pneumonia was blunted, which is consistent with an exacerbated injury response (42) . Recently, Nrf2 was shown to interact with the claudin-4 promoter, but not the claudin-1 promoter (8). Reddy et al. (37) showed that glutathione supplementation in a Nrf2-deficient mouse upregulated gene expressions of the tight junction proteins occludin, ZO-2, claudin-18, claudin-6 -7, and claudin-3-4 and rescued cells from the defects associated with Nrf2 deficiency, consistent with the ability of Nrf2 to directly and specifically regulate tight junction protein expression. Here, we found that changes to Nrf2 expression correlated with changes in the expression of claudin-18, ZO-1, and occludin, three key alveolar tight junction proteins (21) . Whether Nrf2 directly regulates the expression of these proteins is not known at present. In silico analysis of the promoter regions of rat ZO-1, occludin, or claudin-18 did not reveal consensus Nrf2/ARE binding motifs (data not shown), suggesting an indirect effect of Nrf2 in regulating claudin-18, ZO-1, and occludin. Nonetheless, direct experimental analysis is needed to determine whether Nrf2 can bind to the promoters of these and other tight junction proteins. We found siRNA depletion of Nrf2 inhibited TER by ϳ30% and caused a twofold increase in permeability of FITC-Dextran (4 kDa). These changes are comparable to previous barrier function measurements of primary AEC from HIV-1 Tg rats and from rats fed an alcohol-containing diet (15, 22) . While these changes do not lead to overt pulmonary edema, both HIV Tg rats and rats fed an alcohol-containing diet have decreased lung liquid clearance in vivo (22, 32) . Clinically, we have identified that alcohol abuse increases the risk of acute respiratory distress syndrome approximately fourfold and that otherwise healthy alcoholics have profound oxidative stress and increased alveolar leak (17) . Therefore, small changes to alveolar permeability have significant pathological consequences, particularly when the lung faces an acute inflammatory insult such as sepsis or pneumonia.
Nrf2/ARE activators such as sulforaphane have been identified and tested in experimental models and in clinical studies. Sulforaphane is an organosulfur compound found in cruciferous vegetables such as broccoli. Sulforaphane ingested orally has been shown to induce phase II enzymes such as glutathione-S-transferase, NQO1, and hemoxygenase-1 (HO-1) in the human upper airway (39) . Other studies have shown that, following traumatic brain injury, early sulforaphane treatment upregulates Nrf2-dependent genes for GST and HO-1, attenuates the loss of expression of the tight junction proteins occludin and claudin-5, reduces endothelial cell death, and preserves blood-brain barrier function (12, 43, 44) . In the blood-brain barrier, enhancing the expression of Nrf2-driven genes with a specific peptide that binds to Keap1 and releases Nrf2 into the nuclear compartment significantly reduced endothelial barrier compromise after traumatic brain injury (45) . Furthermore, sulforaphane treatment of human epithelial cells in culture inhibits cigarette smoke-induced production of IL-8 and MCP-1 production (40) as well as the associated endoplasmic reticulum stress and cell death (25) . In this context, it is exciting that there is evidence that targeting the Nrf2/ARE pathway could improve innate immune response, protect against oxidative stress, and prevent bacterial exacerbations in subjects with COPD (7).
These results could have important implications for the care of HIV-1-infected individuals. Although the mortality for individuals with HIV-1 infection/AIDS has declined significantly since the introduction of HAART, infectious and noninfectious pulmonary diseases remain a major cause of morbidity and the most common cause of death in this vulnerable population (1, 13) . Consistent with our experimental findings, HIV-1-infected individuals have evidence of systemic oxidative stress and decreased levels of antioxidants, such as GSH and superoxide dismutase compared with uninfected individuals, even if they have adequate viral control with HAART (4). Importantly, these effects impair diverse physiological barriers in addition to the lung, including the blood-brain barrier and the intestinal mucosa barrier (6, 14, 22) . Our previously reported observation that administering the glutathione precursor procysteine restores glutathione levels and reverses HIV-1 viral proteininduced superoxide anion production and restores nitric oxide- mediated vasorelaxation provides further evidence that oxidative stress and glutathione depletion is part of the systemic manifestation of AIDS (20) . These and other experimental observations suggest that enhancing antioxidant defenses could be a therapeutic strategy to protect cells and tissues against oxidative stress during HIV-1 infection. Importantly, targeted activation of Nrf2 activity with agents such as sulforaphane, which is already being widely tested in diverse clinical trials, has the advantage of restoring the cells' ability to turn on the expression of an entire program of antioxidants and therefore is likely to be much more effective than monotherapy with specific antioxidants. A concern inherent in our studies is that we used a noninfectious HIV-1 Tg rat model to test our hypothesis that HIV-1-related viral proteins induce oxidative stress and alveolar epithelial barrier dysfunction by inhibiting Nrf2/ARE activity. However, there is now overwhelming evidence that many of the manifestations of AIDS are not due to direct viral infection per se, but rather to the toxic effects of HIV-1-related proteins such as Tat and gp120 that circulate systemically even when viral loads are suppressed by HAART. In this context, the HIV-1 Tg rodent models, including the rat model we have used, was developed specifically to study these "noninfectious" aspects of AIDS. This HIV-1 Tg rat develops a progressive AIDS-like phenotype as it ages and begins to display systemic findings that mimic clinical AIDS by the age of 5-7 mo (38). This is consistent with studies showing that the HIV-1 viral proteins gp120 and Tat directly affect blood-brain barrier and epithelial barrier function (11, 22, 30) . Importantly, this animal model has provided an opportunity to examine the fundamental mechanisms by which these proteins cause oxidative stress and cellular dysfunction within the alveolar space, including these new observations regarding a potential role for Nrf2 expression that can now be translated to the clinical setting to determine if this mechanism is involved in human HIV-1 infection.
In summary, we provide evidence that Nrf2 activity is necessary to maintain redox balance, tight junction protein expression and membrane assembly, and barrier function in the alveolar epithelium and that its expression and ability to activate the ARE is significantly decreased by exposure to HIV-1-related proteins. In contradistinction, augmenting Nrf2 expression and/or activity mitigated the oxidative stress and barrier dysfunction in the alveolar epithelia of HIV-1 Tg rats. Although these experimental findings need to be translated to the clinical setting, this study raises the intriguing possibility that enhancing global antioxidant defenses by directly activating the Nrf2/ARE pathway could improve lung health in susceptible individuals with HIV-1 infection, chronic alcohol abuse, and/or other chronic oxidative stresses that render them susceptible to both infectious and noninfectious forms of lung injury.
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